whereas atenolol produced no significant venodilation. At doses of nebivolol producing plasma concentrations comparable with plasma levels achieved after standard oral dosing (10'3-131-2 mol min-') small (14 ± 6% and 23 ± 8%) but significant (P < 0.05) venodilation was observed.
Introduction
Nebivolol, a racemic drug, is a selective ,I-adrenoceptor antagonist, of which the (+)-isomer is one hundred times more potent a PI-adrenoceptor antagonist than the (-)-isomer [1] . Nebivolol maintains cardiac output by increasing stroke volume, whilst decreasing systemic vascular resistance in human volunteers and in animal studies [1] . This effect on peripheral vascular resistance does not appear to be due to effects on ax-adrenoceptors, potassium or calcium channel blockade, peripheral sympathetic nervous system activity or by direct action on endothelial cells at low concentrations [2, 3] . Some work suggests that the vasodilatory effects are mediated through nitric oxide. Nebivolol induces an endothelial dependent relaxation of canine coronary arteries and potentiates ADP induced endothelial dependent relaxation via endothelial dependent relaxation factor (EDRF), now known to be nitric oxide [5] .
The aims of the present study were to determine whether nebivolol has venodilator properties in man and whether such effect is mediated through nitric oxide.
Methods

Subjects
Eleven healthy male volunteers, mean age 30 years (range 26-36 years) were studied. All 
Dorsal hand vein technique
The dorsal hand vein technique as modified by Aellig [6] and previously described in detail was used [7] . Studies were performed in a temperature controlled (23 ± 20 C) laboratory. Subjects lay semi-supine with the study arm resting at a 300 slope to ensure venous drainage. A The effect of L-NMMA on the vasodilator effect of nebivolol was determined in seven of eight subjects studied in the first phenylephrine studies. One subject who had no venodilator response to nebivolol was excluded. Saline was infused for 30 min followed by phenylephrine until the vein was constricted to 70-80% of baseline. L-NMMA was then infused concomitantly at a dose of 0.1 ,ug min-' for 30 min and then during increasing nebivolol doses (2 x 10-12 to 2 x 10-8 mol min-'). Control studies of L-NMMA effects in nitroglycerin venodilation were performed in four subjects. Following phenylephrine preconstriction nitroglycerin was infused at doses of 1-100 pg min-'. L-NMMA was then infused for 30 min, during which time baseline preconstriction returned and responses to nitroglycerin were again determined.
Atenolol effects on phenylephrine preconstricted hand veins
A 30 min saline infusion was followed by incremental doses of phenylephrine until the study vein was constricted to 70-80% of baseline. Increasing doses of atenolol (MW 266) were infused (0.5-5,000 ng min-', 2 x 10-12 to 2 x 10-8 mol min-1) concomitantly with the phenylephrine constrictor dose. The response to each atenolol dose was recorded after 7 min infusion.
Lower dose and duration of effect of nebivolol
To assess the response of human hand veins to lower doses of nebivolol and to characterise the duration of venodilator effects, further studies were performed in nine subjects. Following 30 min infusion of saline, a phenylephrine preconstriction dose was established, as described above. Nebivolol was then infused incrementally (2 x 10-13 to 2 x 10-9 mol min-1) with the concomitant infusion of the phenylephrine preconstrictor dose. When a maximum dilation at 2 x 10-9 mol min-1 was reached, the nebivolol infusion was stopped and the preconstriction dose of phenylephrine was infused for a further 60 min. Hand 
Results
Action of nebivolol on phenylephrine preconstricted hand veins
The mean preconstriction dose of phenylephrine infused was 602 ± 598 ng min-' (mean ± s.d., range 75-1500 ng min-). The degree of preconstriction was 79 ± 14% expressed relative to the baseline distension during saline infusion. The diluent did not significantly affect the phenylephrine preconstriction (mean change 2 ± 7%, P = 0.44). A dose-dependent venodilator response to nebivolol was seen in seven of eight subjects ( Figure 1 ). Maximum venodilation was 72 ± 18%. In three subjects, a biphasic response was seen with the maximum venodilator response occurring at doses lower than the highest infused dose of nebivolol used.
L-NMMA effects
Nebivolol induced venodilation was significantly reduced following L-NMMA infusion, at all doses of nebivolol infused, with a maximum dilation of 18 ± 19% (Figure 1 ). Mean phenylephrine preconstriction dose was 893 ± 602 (range 150-1500 ng min-) which was not significantly different from the initial Nebivolol dose (mol min-1) significant venodilator effect was seen beyond 60 min, however, there was a noticeable decrease in the degree of dilation in most individuals after 30 min (Figure 3b ). The degree of preconstriction was 84 ± 6% with a phenylephrine preconstriction dose of 341 ± 122 (range 45-1250) ng min-'. There was no significant difference in either the dose of phenylephrine (P = 0.45) or the degree of preconstriction (P = 0.24) compared with the previous nebivolol studies.
Nebivolol effect on PGF2a constricted hand veins
Mean PGF2a constriction dose was 960 ± 400 (range 18-3750) ng min-'. The degree of preconstriction was 74 ± 11%. This was not significantly different from the mean preconstriction of the first study where phenylephrine was the constrictor (P = 0.74). A statistically significant nebivolol induced venodilation was seen at all doses of nebivolol infused (Figure 4 ). There was no significant difference in the degree of nebivolol induced venodilation with either phenylephrine or PGF2a as the preconstrictor (P = 0.74). A biphasic response was observed in some subjects as seen in the phenylephrine studies.
Discussion
These results confirm that nebivolol has a venodilator 10 8 action in human hand veins and that this effect is not shared by atenolol. The inhibitory effect of L-NMMA indicates that venodilation due to nebivolol is primarily mediated through nitric oxide. This nitric oxide mediated, endothelial dependent venodilator effect described has not previously been described in human vasculature with other j-adrenoceptor blocking drugs. The observations that atenolol has no significant venodilator effect in human hand veins, indicate that nitric oxide mediated venodilation is not a class effect of all P-adrenoceptor antagonists and may be unique to nebivolol. Studies of other vasodilatory Padrenoceptor antagonists using the hand vein model and L-NMMA would be of interest. L-NMMA infusion did not modify the venoconstrictor action of phenylephrine, an observation in keeping with previous observations that L-NMMA does not alter vasoconstrictor effect of noradrenaline [8] . This and the lack of effect of L-NMMA on venodilator responses to nitroglycerin excludes a non-specific venoconstrictor effect of L-NMMA and suggests that nebivolol is acting through endogenous nitric oxide. The venodilator responses with PGF2a as the venoconstrictor exclude an ct-adrenoceptor antagonist action of nebivolol as the cause of the venodilation observed in the phenylephrine studies. This is in keeping with previous work which indicates that nebivolol has no effects at the a-adrenoceptor [2, 3] . Some animal work has found that ,B-adrenoceptor mediated vascular relaxation is mediated via nitric oxide release from the endothelium, although this has not been a consistent finding and appears to be specific to certain species and vascular beds [9] [10] [11] . Nebivolol has a relatively weak affinity for P2-compared with PI-adrenoceptors, and one possible explanation for our findings is that nebivolol is acting as a partial agonist at vascular P2-adrenoceptors which mediate venodilation via nitric oxide. Racemic nebivolol lacks intrinsic sympathomimetic activity in isolated right atria of reserpinised rats and in reserpinised anaesthetised dogs, suggesting that such an action is unlikely [2] . Also evidence that f-adrenoceptor mediated vasodilatation in human hand veins is mediated via nitric oxide is lacking. Alternatively nebivolol may be acting through a non ,B-adrenoceptor mediated mechanism. It would be important to investigate the mechanism underlying this effect as it could lead to the development of selective modulators of nitric oxide synthase. Further studies examining the vasodilatory effects of individual nebivolol isomers and the effect of coinfusion of propranolol on nebivolol induced venodilation would be of interest.
In three of seven subjects a biphasic venodilator of nebivolol on phenyleprhine constricted veins was recorded. This may be due to tachyphylaxis but is perhaps more likely to be a non-specific venoconstrictor effect of the higher doses infused. Non-specific venodilator effects to the preservative sodium metabisulphite have been previously described [7] . The results of the study using nebivolol at lower doses show that venodilation occurs at infusions equivalent to the plasma concentrations achieved with standard oral dosing for hypertension and angina (0.1 to 10 ng ml-') suggesting that a vasodilatory effect through nitric oxide may account for the haemodynamic profile of nebivolol when administered in these doses. The persistence of venodilator action was seen to occur beyond 60 min in some individuals, however, there was a marked decrease in venodilation in most subjects after 30 min. The nature of this prolonged effect is unclear however, it is possibly a result of persistent tissue binding of nebivolol but may represent a sustained effect on vascular nitric oxide synthase.
Other ,3-adrenoceptor antagonists have vasodilator effects, although the modes of action of most of these are not thought to be endothelial dependent, and those that have been shown to act on the endothelium have not been shown to act via nitric oxide. Janczewski et al. [12] suggest that carteolol facilitates the abluminal release of nitric oxide caused by a2-adrenergic activation and causes the intraluminal release of vasodilator prostaglandin in animal in vitro studies but studies on human vasculature have not been performed. Vasodilation by the ,-adrenoceptor blockers, such as labetalol, timolol and propranolol, have been shown to be mediated via their weak action on aadrenoceptors [13] . Nipradilol is another non-selective ,-adrenoceptor blocker with vasodilator activities which are thought to be due to its weak a-adrenoceptor blocking actions [14] . However, it may also have a nitroglycerin like action, as it contains nitroxy residues in its molecule [15] . A recent study showed that in rat arterioles and venules it appeared to have a dilator effect when applied topically, which did not occur with propranolol, atenolol and labetalol, The study did not however, use endothelial denuded tissue or nitric oxide synthase inhibitors and hence an endothelial dependent venodilation has not been established [16] . Carvedilol has been shown to have vasodilator activity mediated primarily via al-adrenergic blockade [17] . However, a more recent study [18] suggests that an additional, as yet undefined, mechanism could be involved.
,B-adrenoceptor blocking drugs such as xamoterol, have in the past been used in the treatment of congestive heart failure. Most of these drugs have a significant negative inotropic effect which severely restricts their use. Recently there has been renewed interest in this form of therapy [19] . The nitric oxide mediated venodilation induced by nebivolol, may decrease preload and therefore be of benefit in the treatment of heart failure, particularly, when it is this action that is thought to be responsible for the maintenance of cardiac output found with nebivolol.
Further clinical trials investigating the haemodynamic effects on nebivolol in animal and clinical studies would clarify this. Endothelial dysfunction is well described in the peripheral vasculature of patients with hypertension and in the coronary arteries of patients with angina [20] [21] [22] [23] . This may be a pathophysiological factor in coronary and cerebral vessel thrombosis. Further evidence is emerging that interference with the Larginine/nitric oxide synthesis pathway is important in the aetiology of hypertension and that correction of nitric oxide levels, either directly or by addition of L-arginine, results in lowering of the blood pressure [24] [25] [26] [27] . Enhancing vascular endothelial response in these situations could result in nebivolol having greater clinical benefits in terms of stroke and myocardial infarction than other P-adrenoceptor blockers.
